Biological processes such as atherogenesis, wound healing, cancer cell metastasis, and immune cell transmigration rely on a delicate balance between Cell-Cell and cell-substrate adhesion. Cell mechanics have been shown to depend on substrate factors such as stiffness and ligand presentation, while the effects of Cell-Cell interactions on the mechanical properties of cells has received little attention. Here, we use atomic force microscopy to measure the Young's modulus of live human umbilical vein endothelial cells (HUVECs). In varying the degree of Cell-Cell contact in HUVECs (single cells, groups, and monolayers), we observe that increased cell stiffness correlates with an increase in cell area. Further, we observe that HUVECs stiffen as they spread onto a glass substrate. When we weaken Cell-Cell junctions (i.e., through a low dose of cytochalasin B or treatment with a VE-cadherin antibody), we observe that cell-substrate adhesion increases, as measured by focal adhesion size and density, and the stiffness of cells within the monolayer approaches that of single cells. Our results suggest that while morphology can roughly be used to predict cell stiffness, Cell-Cell interactions may play a significant role in determining the mechanical properties of individual cells in tissues by careful maintenance of cell tension homeostasis.
INTRODUCTION
The mechanical properties of cells are important contributors to the health of a tissue, and a pathological state can sometimes be determined by measuring the stiffness of cells or tissues.8 , 10 For example, arteries stiffen during the progression of atherosclerosis47 and tissues stiffen in cancer. 55 In the case of arteries, the mechanical properties of endothelial cells (ECs) are affected by many factors, including substrate stiffness, substrate ligands, shear stress, and the presence of soluble molecules. In a recent review on the biophysics of leukocyte transmigration, Stroka and Aranda-Espinoza summarize various in vitro treatments and conditions which affect endothelial cell stiffness. 69 While it has been widely recognized that it is important to study the mechanical properties of cells, much of the published work regarding cell stiffness focuses on single cells. Though this simplifies the experimental system, it is not always physiological, since, for example, ECs exist as a monolayer at the luminal surface of blood vessels. In this state, the cells are exposed to many neighbors in close contact, and the junctions are lined with many different molecules which bind the cells together, 22 one of which is vascular endothelial (VE)-cadherin. VEcadherin is a homophilic protein which localizes to cellular junctions, physically links to Factin, and plays an important role in both mechanical 20, 41 , 42 , 65 and biochemical signaling 24, 39, 43 pathways. Due to their role as mechano-sensors, cadherins have been suggested as targets for cancer therapy 9 ; further, interactions between cadherins, actin, and myosin can create the forces necessary for wound closure. 1 While there are many proteins which localize at Cell-Cell junctions, this manuscript focuses on VE-cadherin due to its linkage with the actin cytoskeleton, an interaction which seems to be very relevant to tension homeostasis and cell stiffness.
Cell-Cell interactions play a critical role in angiogenesis and endothelial homeostasis. As cells gain neighbors during monolayer formation, their morphology changes drastically, and it is known that cell geometry plays a significant role in regulating homeostasis of a cell. 16 Despite the occurrence of contact inhibition 25, 49, 50 in a monolayer, ECs do have the ability to reorganize themselves, but it is likely a different process than what occurs in single cells. While single cells are able to move freely, with constraints only due to adhesion with the substrate and cytoskeletal remodeling, cells in a monolayer are constrained by Cell-Cell adhesions as well as cell-substrate adhesions. 44 Cell mechanical properties, specifically, traction force generation, have been shown to depend on the presence of neighbors. Cell traction forces increase when two cells come in contact. 15 Further, two cells are able to communicate mechanically with each other when grown on soft, flexible substrates. 59 There is also evidence that cells maintain tension through Cell-Cell junctions 26, 72 and are able to communicate mechanically during collective cell migration. 71 However, we do not know how Cell-Cell interactions affect cell stiffness, nor do we fully understand how cells communicate mechanically in a monolayer. As mentioned above, such changes in cell stiffness might affect important physiological functions, such as immune cell transmigration, atherogenesis, and cancer cell metastasis.
Our study uses atomic force microscopy (AFM) to measure the Young's modulus of live human umbilical vein endothelial cells (HUVECs). AFM is a useful tool for measuring the response of cells to an applied force, from which the Young's modulus can be calculated. Hoffman and Crocker provide an extensive review on the response of cells to applied forces and a summary of different tools for measuring those responses. 34 AFM imaging can further be used to obtain topographical information about a sample. Previously, AFM has been used to quantify the Young's modulus of many cell types. For example, for ECs specifically, AFM has been used to determine the effects of environmental conditions such as oxidized low density lipoprotein,17 potassium,53 plasma sodium,54 and substrate stiffness12 on cell stiffness. For soft samples such as cells, the Hertz-Sneddon model has often been used to determine Young's modulus from AFM force-distance curves (for review see Vinckier and Semenza73) , and AFM cantilevers with spherical probes have been used to minimize exerted traction on the cells. The Hertz-Sneddon model66 represents cells as isotropic, linearly elastic half-spaces and holds when deformations are small. It assumes an infinitely hard tip which is much stiffer than the deformable sample, and it can also account for the geometry of the tip. These assumptions can be made under our experimental conditions, and thus the Hertz-Sneddon model is appropriate to use in our case. Further details on the theoretical basis for this model can be found in several references. 66 , 70 ,79 Here, we combine AFM imaging with force measurements on live cells to obtain a topographical map which contains local measurements of Young's modulus at specific locations. We measure both Young's modulus and area of spreading cells and find that cell stiffness increases with spreading area. Then, we measure the area and stiffness of single cells, groups, and monolayers and find that morphology can roughly be used to predict cell stiffness, though monolayers are stiffer than expected based on cell area. However, when Factin is significantly disrupted using a high dose of cytochalasin B (cytoB), we observe drastic cell rounding, as previously reported, 62, 75 and the stiffness of the cells softens to the measured value based on spreading area. When Cell-Cell junctions in a monolayer are presumably weakened through a low dose of cytoB treatment or VE-cadherin antibody application, cell monolayer stiffness approaches that of single cells, and cell-substrate adhesion increases, suggesting the importance of Cell-Cell adhesions in signaling to the cell's mechanical machinery.
MATERIALS AND METHODS

Cell Culture
HUVECs were obtained from Lifeline Cell Technology (Walkersville, MD) and grown in tissue culture polystyrene flasks (Fisher Scientific, Pittsburgh, PA) at 37 °C, 5% CO 2 , and 55% humidity. HUVECs were cultured in VascuLife Basal Medium (Lifeline Cell Technology) supplemented with 2% fetal bovine serum (FBS), 10 mM L-glutamine, 0.2% EnGS, 5 ng/mL rhEGF, 1 μg/mL hydrocortisone hemisuccinate, 0.75 units/mL heparin sulfate (Lifeline Cell Technology), 10,000 units/mL penicillin, and 10,000 μg/mL streptomycin (Gibco, Carlsbad, CA) according to the manufacturer's specifications. HUVECs were split at 80-90% confluency, and passages 2-5 were used for experiments. Synchronization of cells was accomplished by (a) growing cells to confluency and (b) using low serum media (2%), according to Reinhart-King. 57 Glass coverslips (22 × 22 mm, No. 1.5, Fisher Scientific) were coated with 0.1 mg/mL fibronectin (Sigma, St. Louis, MO) for 2 h at room temperature. Cells were plated onto fibronectin-coated glass coverslips at high density (4 × 10 5 cells) and grown for approximately 48 h until monolayer formation. For single cell studies, HUVECs were plated at low density (8 × 10 3 cells), while for groups, HUVECs were plated at medium density (2 × 10 4 cells). Media was changed every 48-72 h. To weaken Cell-Cell junctions, two treatments were used: (a) HUVECs were treated with 2 μg/mL, 100 ng/mL, or 10 ng/mL cytochalasin B (Sigma) for 1 h at 37 °C, and (b) HUVECs were treated with 1:100 dilution (10 μg/mL) of anti-VE-cadherin (Sigma V1514) for 1 h at 37 ° C just prior to experiments.
Immunostaining
HUVECs were fixed in 2% paraformaldehyde (MP Biomedicals, Solon, OH) for 20 min, permeabilized in 1% TRITON-X 100 (VWR International, West Chester, PA) for 5 min, and blocked for non-specific binding in 2% bovine serum albumin (BSA; Sigma) for 1 h. For visualization of cellular borders, cells were incubated in primary antibody (rabbit polyclonal to β-catenin; Abcam ab2365, Cambridge, MA) at a 1:100 dilution (2 μg/mL) for 2 h. For visualization of focal adhesions, cells were incubated in primary antibody (anti-vinculin antibody, produced in mouse; Sigma V9131) at a 1:200 dilution (48 μg/mL) for 1 h. Nonspecific binding was blocked again after primary antibody application in 2% BSA for 1 h. For β-catenin primary antibody, cells were incubated in secondary antibody (Rabbit Ig, Fluoroscein-linked Whole Ab; GE Healthcare N1034, Piscataway, NJ) at a 1:20 dilution (105 μg/mL) for 1 h. For vinculin primary antibody, cells were incubated in secondary antibody (anti-mouse Alexa 488; Invitrogen A11001, Carlsbad, CA) at a 1:200 dilution (10 μg/mL) for 1 h. Primary and secondary antibodies were diluted in 2% BSA with phosphate buffered saline (PBS). For visualization of F-actin, cells were incubated in 0.1 μM Phalloidin-TRITC (Sigma) for 30 min. For nuclear staining, cells were treated with 2 μg/mL Hoechst stain (Invitrogen) for 5 min. All treatments were completed at room temperature. Cells were washed with PBS between each step.
Atomic Force Microscopy
Young's moduli of live HUVEC monolayers were measured using an atomic force microscope (AFM; Agilent, Santa Clara, CA) with a silicon nitride cantilever (Novascan, Ames, IA) with a spherical glass SiO 2 probe of diameter 5 μM. The deflection sensitivity of the cantilever was measured using glass as a stiff surface. The cantilever spring constant was measured using Thermal K software (Molecular Imaging Corporation, San Diego, CA), where the cantilever was treated as a simple harmonic oscillator, according to the thermal fluctuation method. 11, 37 The power spectrum of the AC signal was used to determine the mean-square amplitude of the cantilever, which was then used to solve for the spring constant. The manufacturer's nominal value for the cantilever spring constant (k) was 0.01 N/m, and the values obtained with Thermal K were within a factor of 2 (generally 0.006-0.008 N/m). Glass substrates with HUVECs attached were positioned under the AFM tip and typical force curves (Fig. 1A) were captured in different locations along the cells. All force curves and imaging were done at room temperature in FBS-free HUVEC media in an AFM liquid chamber.
The AFM procedure was begun by first scanning a region of interest (90 × 90 μM) using contact mode. Then, in the AFM Picoscan software, specific locations (25 per scan) were selected by hand, both at the periphery and cell body. The region of interest was scanned again and this time force vs. distance curves were taken at the chosen locations. Five to 20 images were obtained per sample, and 2-5 different samples were analyzed for each condition. The maximum size of the scan (90 μM × 90 μM) was large enough to capture most of one single cell per image and 3-6 cells within a monolayer per image. A force of approximately 2 nN was applied to the cells by the AFM cantilever, and this force was spread out over the large area of the 5 μM spherical probe attached to the cantilever, lessening the resulting applied traction. In performing AFM on living cells, AFM cantilevers containing spherical probes have an advantage over sharp tips, which can damage cells due to their tiny surface area (traction = force/area). AFM imaging and measurements were generally taken within 1 h.
In a custom-written Matlab (The MathWorks, Natick, MA) program, data were fit to the Hertz-Sneddon model 66 for a paraboloid indenter79:
where F paraboloid is the force exerted by the paraboloid indenter, E is the Young's modulus of the cell, R is the radius of curvature of the indenter, and δ is the distance of the indenter from the sample (Fig. 1B) . Note that R for a sphere is equal to the radius of the sphere, and therefore R = 2.5 μM for the glass probe. The cells were assumed to be nearly incompressible 46 and therefore it was assumed that v = 0.45 is the Poisson's ratio of the elastic halfspace. Note that the force is also equal to the cantilever spring constant (k) times the change in position of the laser (as a measurement of the deflection of the cantilever). The Young's modulus was found for each force curve using the fitting algorithm. A maximum indentation of about 250 nm was chosen for fitting, since at small indentations the Young's modulus depends greatly on indentation depth, 60 while the Hertz-Sneddon model does not hold at large indentations. Two hundred fifty nanometers is sufficiently small compared to the height of the cell (several microns). The point of contact of the cantilever (Fig. 1A) with the sample was chosen to be the point at which the derivative of the force-distance curve became nonzero, or about 50 pN/nm. Thus, data were fit from the point of contact to the maximum indentation value. Average Young's modulus was computed by averaging all force curves for a given condition. Statistical tests were done using a Student's t test, where p < 0.05 indicated statistical significance. All measurements reported in this article are in the format mean ± standard error.
Cell Spreading Combined with AFM
To determine the relationship between cell spreading and cell stiffness, HUVECs were trypsinized from tissue culture flasks, diluted with media, centrifuged, resuspended in FBSfree media, plated onto fibronectin-coated glass coverslips immediately, placed within the AFM liquid chamber, and allowed to attach to the substrate for 15-30 min before beginning AFM measurements. A low number of cells (8 × 10 3 ) were plated in order to ensure the presence of single cells on the surface of the coverslip. Cells that were relatively close to other cells were not analyzed, to avoid effects of Cell-Cell contact on the spreading process. The AFM tip was positioned over the cell. A minimal amount of cell attachment was necessary to ensure the cell did not move out from between the cantilever and the substrate. This level of attachment was determined through observation of the cell morphology in brightfield microscopy, when lamellipodia formation began. When this occurred, the AFM tip was lowered to the raised spherical central region of the cell (not the flattened periphery). AFM force measurements were taken every 30 s or 2 min during spreading without moving the cantilever horizontally in between measurements, and brightfield images were captured simultaneously every 30 s during spreading. Young's modulus was determined from forcedistance curves as described in the previous section. To compute area, cells were traced by hand in ImageJ using a method previously described. 68 A sample size of N = 8 spreading cells was used. A "morphology curve" was created using the spreading data, by plotting Young's modulus vs. area, with each data point representing the average area and Young's modulus of N = 8 spreading cells at the same time points. Because the stiffnesses of spreading cells were averaged for each time point, and these data points included both periphery and cell body regions, the average stiffness of the periphery and cell body regions was plotted for each of single cells, groups, and monolayers.
Phase Contrast, Confocal, and Total Internal Reflection Fluorescence Microscopy
Brightfield and phase contrast microscopy of HUVECs was completed at 37 °C, 5% CO 2 and 55% humidity using an inverted microscope (Olympus IX71, Center Valley, PA). Images were captured with a QImaging Retiga-SRV charge-coupled device (CCD) digital camera (QImaging Corporation, Surrey, British Columbia, Canada). Confocal microscopy was completed at room temperature on immunostained HUVECs using an inverted scanning disk confocal microscope (Olympus IX81). Images were captured with 0.3 μM between planes on a Hamamatsu ORCA-ER CCD digital camera (Leeds Precision Instruments, Minneapolis, MN).
Total internal reflection fluorescence microscopy (TIRFM) was completed on samples (on n = 1.5 glass coverslips) stained with vinculin antibody and FITC secondary antibody (as described above) at room temperature using an inverted microscope (Olympus IX81) using a 60× oil immersion lens, as previously described. 52 Samples were illuminated with an ion laser of wavelength 488 nm (Melles Griot, Rochester, NY), and images were captured with a QImaging Rolera-MGi CCD digital camera (QImaging Corporation). The angle of laser incidence was adjusted once at the start of the experiment and was not adjusted between samples to ensure that the same plane was illuminated in each sample. In TIRFM, when the angle of incidence of light is greater than the critical angle for total internal reflection, an evanescent field is generated at the glass-sample interface. This evanescent field decays exponentially with distance normal to the interface, creating a thin layer of illumination (≤100 nm 3 ). TIRFM was chosen for imaging cell-substrate interactions over widefield fluorescence microscopy due to the thin layer of illumination which eliminates background fluorescence in TIRFM.
Morphological Analysis
To aid with morphological analysis, HUVEC monolayers were fixed and immunostained for β-catenin in order to visualize cellular borders. For area analysis of single cells and cells within groups, individual HUVECs were traced by hand in ImageJ (National Institutes of Health, Bethesda, MD) using a method previously described. 68 For analysis of focal adhesion size and density we used the method as previously described.52 Briefly, cells were stained for vinculin and TIRFM images were obtained. Images were made binary and the particle analyzer was used in ImageJ to measure vinculin punctuate sizes larger than 0.5 μm 2 and counts per area. Statistical tests were done using a Student's t test, where p < 0.05 indicated statistical significance.
RESULTS
Cell Stiffness Measurements are Similar to Those Under Culture Conditions
Our AFM images and force curves on single cells, groups of cells, and monolayers were all performed at room temperature conditions. To evaluate the dependence of cell stiffness on temperature, CO 2 , and humidity, we measured the stiffness of single cells at both room temperature (23 °C) and culture conditions (37 ° C with 5% CO 2 and 55% humidity) using an enclosed chamber. In our experimental set-up, performing AFM at room temperature vs. culture conditions does not make a difference ( These results may differ from experiments where the cells are placed in room temperature medium, allowed to equilibrate to room temperature, and kept at room temperature for long periods of time, much longer than 1 h. In our experimental procedure, we removed cells directly from the incubator (conditioned at 37 °C and 5% CO 2 ), washed them with PBS (warmed to 37 °C), and then added the media (also warmed to 37 °C) for AFM. Therefore, the cells began in a 37 °C environment. We imaged them and took force measurements for relatively short periods of time (under 1 h, as stated in our methods), though we would expect the media to cool moderately over the course of the experiment. However, we did not observe stiffening or softening of the cells over the course of AFM, further indicating that the temperature or CO 2 conditions did not affect our measurements during our experimental time window.
Cell Area Depends on Degree of Cell-Cell Contact
HUVECs were plated at low, medium, or high density onto glass coverslips coated with fibronectin. At low density, single cells were observed. At medium density, cells were observed in groups of 3-13 cells where they formed isolated islands. At high density, cells formed confluent monolayers within 48 h.
We found that single cells are larger in area (2045 ± 65 μm 2 ; N = 167 cells) than cells within a monolayer (1029 ± 25 μm 2 ; N = 192, p < 0.001), consistent with previous reports. 51 Cells in groups are larger (3030 ± 73 μm 2 ; N = 249, p < 0.001) than both single cells and cells in a monolayer (Fig. 2a) . Phase contrast images of single cells (Fig. 2b) , a group of 4 cells (Fig.  2c) , and a monolayer of cells (Fig. 2d) show the differences in cell size as a function of degree of Cell-Cell contact.
Single Cells are Stiffer Than Cells in a Monolayer
AFM was performed on HUVECs at varying degrees of Cell-Cell contact on fibronectincoated glass substrates. AFM deflection images demonstrate the topography of a single HUVEC (Fig. 3a) , group of three HUVECs (Fig. 3b) , and monolayer of HUVECs (Fig. 3c) . Each of these images indicates that the cell topography consists of both a raised portion, which likely contains the nucleus and other organelles and which we label the "cell body" (black arrows in Figs. 3a-3c ), and also a more flattened region, which we label the "periphery" (white arrows in Figs. 3a-3c) . We also compared the Young's moduli of single cells at room temperature and at 37 °C with 5% CO 2 and 55% humidity and verified that under our experimental conditions AFM gave similar results.
For all degrees of Cell-Cell contact, the Young's modulus of the periphery is larger than the Young's modulus at the cell body location (Fig. 3d) . We found that the Young's modulus of single cells is larger than that of monolayers, both at the cell body (E = 854 ± 39 Pa, N = 195 for single cells and E = 757 ± 16 Pa, N = 246 for monolayers, p = 0.013) and periphery locations (E = 1558 ± 46 Pa, N = 284 for single cells and E = 1042 ± 14 Pa, N = 457 for monolayers, p < 0.001) (Fig. 3d) . At the cell body (E = 886 ± 72 Pa, N = 44 for groups of 3 cells; E = 880 ± 76, N = 67 for 4-5 cells; and E = 786 ± 130, N = 16 for groups of 6-13 cells), the Young's modulus of groups of 3-5 and groups of 6-13 cells is not different from that of single cells (p > 0.600), while at the periphery (E = 1899 ± 60 Pa, N = 100 for groups of 3 cells; E = 1742 ± 70, N = 98 for 4-5 cells; and E = 1738 ± 106, N = 46 for groups of 6-13 cells) the Young's modulus is larger than both single cells (p < 0.001, p = 0.037, p = 0.139, respectively with increasing group size) and monolayers (p < 0.001 for all groups) (Fig. 3d) .
Further, the distributions of Young's moduli for single cells (Fig. 3e) , groups (Fig. 3f) , and monolayers ( Fig. 3g) indicate the large variation in stiffness among cells, even when looking at the same region (cell body or periphery). These distributions show that for single cells and groups, the distributions are fairly wide (Figs. 3e, 3f) , while for monolayers, the distributions are much tighter (Fig. 3g) . Thus, monolayers are more homogeneous in terms of stiffness than both groups and single cells.
Cell Stiffness Increases During Spreading
One approach to determine the relationship between cell morphology and stiffness is to measure the stiffness and area of a single cell simultaneously as it spreads (Fig. 4) . We performed this experiment by obtaining brightfield timelapse images while taking AFM force curves on a single spreading cell following trypsinization. Note that we did not scan the cell with AFM, but rather the cantilever remained stationary (in the horizontal plane) as the cell spread. Following the typical cell spreading process, 58 the HUVECs began as spheres upon plating, presumably formed initial adhesions to the substrate upon lamellipodium formation (Fig. 4d , T = 0), and spread fairly isotropically onto the substrate over the course of 1 h (Figs. 4d, 4e) . HUVECs flattened as they spread, as it was necessary to bring the sample closer to the AFM cantilever during spreading in order to avoid flatlining the force-distance curves.
We found that for all cells probed (N = 8 cells), the Young's modulus of the cell increased as spreading area increased (Fig. 4) . This behavior was independent of how often the cell was probed with the AFM cantilever (every 30 s in Figs. 4a and 4b and every 2 min in Fig. 4c) . The Young's modulus at the initial timepoint (E ~ 400 Pa) indicates a lower bound of cell stiffness, where the cell is (visibly) slightly attached to the substrate as determined by brightfield microscopy, but still is round in morphology. The Young's modulus at this point is very similar to that when cells have been treated with cytoB to disrupt F-actin (gray outlined dots at time = 0 in Fig. 4) .
Cell Stiffness and Spreading Area Correlate for Single Cells and Groups
Using the data obtained from performing AFM on spreading cells, we also plotted Young's modulus vs. area, with each data point indicating the average Young's modulus and area of N = 8 cells (Fig. 5) at the same time point. We call this the "morphology curve." The white outlined circles in Fig. 5 therefore represent the measured Young's modulus of a cell, given its area. We found that the (area, stiffness) of single cells and groups both lie on this curve, while monolayers are stiffer than expected (Fig. 5) . Furthermore, monolayers treated with 2 μg/mL cytoB do lie on the measured morphology curve, while monolayers treated with VEcadherin antibody and 10 ng/mL cytoB lie above it.
Cell Stiffness is Dependent on Concentration of Cytochalasin B
Cell-Cell adhesions in a monolayer can be broken or weakened via several methods. In the extreme, they can be completely disrupted by interfering with the F-actin network, which is critical for maintaining Cell-Cell junctions and tensional homeostasis within the cells. We used the cytoB treatment to cap actin filaments, preventing further polymerization and leading to net depolymerization of the filaments. It has previously been reported that cells soften when treated with drugs of the cytochalasin family. 62, 75 We treated HUVECs with decreasing concentrations of cytoB to vary the amount of F-actin disruption. The mechanical response of the monolayer depended on the concentration of drug applied (Fig. 6a) . With the highest concentration of cytoB (2 μg/mL; "high"), the average Young's modulus is smaller than control cells, both at the cell body (E = 454 ± 27 Pa, N = 70, p < 0.001) and periphery locations (E = 583 ± 29 Pa, N = 22, p < 0.001). With this treatment, the monolayer is completely disrupted, as evidenced in the AFM deflection image (Fig. 6b) , where the HUVECs have undergone significant rounding due to the high degree of actin depolymerization. With a smaller concentration of cytoB (100 ng/mL; "intermediate"), the average Young's modulus is smaller than control cells at the cell body (E = 623 ± 26, N = 110, p < 0.001), but it is not different from control cells at the periphery (E = 986 ± 30, N = 198, p = 0.051). AFM deflection images indicate that with this amount of F-actin disruption, some Cell-Cell adhesions have remained intact; however, there are also large gaps in the monolayer where the cells have retracted and Cell-Cell adhesions are disrupted (Fig. 6c) . Finally, with the least harsh treatment of cytoB (10 ng/mL; "low"), the Young's modulus is surprisingly larger than control cells, both at the cell body (E = 1157 ± 46, N = 116, p < 0.001) and periphery (E = 1524 ± 43, N = 176, p = 0.004). With this treatment, the cell monolayer is still mostly visibly intact, with some disruption indicated by the presence of tether-like structures between adjacent cells ( Fig. 6d; white arrowheads) . These tether-like structures are present at many Cell-Cell adhesion sites. There is no statistical difference in area of the cells, compared with cells in control monolayers. The Young's modulus of cell monolayers treated with low cytoB is not different from control single cells at the periphery region, while it is different at the cell body region.
Monolayers Stiffen When Junctions are Destabilized with VE-Cadherin Antibody
A second approach to destabilizing Cell-Cell adhesions in HUVEC monolayers is by applying a VE-cadherin antibody. We found that in HUVEC monolayers, treatment with a VE-cadherin antibody results in an increase in Young's modulus, both at the cell body (E = 908 ± 21, N = 241, p < 0.001) and periphery (E = 1214 ± 14, N = 583, p < 0.001) (Fig. 6e) . Meanwhile, there is no difference in cell area, compared with control monolayers.
To determine the baseline effect of the VE-cadherin antibody when no Cell-Cell adhesions are present, we performed the same experiment on single cells. Interestingly, single cells treated with a VE-cadherin antibody are softer than control cells, both at the cell body (E = 623 ± 28, N = 84, p < 0.001) and periphery (1387 ± 61, N = 160, p = 0.025). Further, VEcadherin antibody-treated cells follow the trend that single cells are stiffer than cells within a monolayer. AFM deflection images of single cells and monolayers treated with VE-cadherin antibody do not look different from images of control cells (Figs. 6f, 6g) .
Actin Cytoskeleton Architecture Depends on Degree of Cell-Cell Contact
We used confocal imaging of phalloidin-actin-stained samples to evaluate the architecture of the F-actin network as a function of degree of Cell-Cell contact. We found that control single cells and groups have well-developed stress fibers arranged in parallel throughout the entire length and width of the cell, and most of these stress fibers within a given cell are oriented locally in the same direction (Figs. 7a, 7b) . Cells in monolayer also have welldeveloped stress fibers, yet they are oriented mostly around the cell borders, with only some extending along the length of the cell (Fig. 7c ). Cells treated with 2 μg/mL cytoB show complete disruption of F-actin, as expected (Fig. 7d) . Cells treated with 100 ng/mL show significant monolayer disruption, with several F-actin filaments or bundles tethering to neighboring cells ( Fig. 7e ; white arrowheads). Meanwhile, in cells treated with a very low dose of cytoB (10 ng/mL), we do not observe differences in F-actin arrangement as compared to control monolayers (Fig. 7f) . Further, the F-actin structure of both single cells and monolayers treated with VE-cadherin antibody do not show differences as compared with the controls (Figs. 7g, 7h ).
Focal Adhesion Size and Density Depend on Degree of Cell-Cell Contact
To determine whether differences in cell stiffness could be partially explained by focal adhesion (FA) assembly,30 , 52 we immunostained for vinculin, performed total internal reflection microscopy (TIRFM) on the samples (Figs. 7i, 7j) , and measured the size and density of FAs as a function of degree of Cell-Cell contact. We found that FAs in monolayers are the same size as in single cells (~1.4 μm 2 , p = 0.900; Fig. 7k Fig. 7k ), but, interestingly, they are more densely arranged (p < 0.001; Fig. 7l ). Finally, FAs in monolayers treated with VE-cadherin antibody or a low dose of cytoB are larger than FAs in control monolayers (p < 0.001; Fig. 7k ), and FAs in both treatments are more dense (p < 0.001; Fig. 7l ). FAs of cell monolayers treated with intermediate (100 ng/mL) and high (2 μg/mL) doses of cytoB were significantly dissolved and thus we did not measure their size or density.
DISCUSSION
Our data suggest that cell area correlates roughly with cell stiffness. However, in groups or in monolayers, cells have several neighbors, and Cell-Cell interactions likely play a role in determining cell stiffness. It was our goal to determine whether cell mechanics is necessarily governed by spreading area or whether Cell-Cell interactions play a significant role in determining the mechanical properties of cells within a monolayer.
Our rationale for evaluating the stiffness of groups of cells was to have a system in which the size of the cells was similar to that of single cells, yet Cell-Cell adhesions were also present. However, we observed that cells in groups of cells are actually larger (by a factor of 1.5), and also stiffer, than single cells (Figs. 2, 3 ). One possibility is that the cells, after coming in contact with another cell or group of cells, are extending toward the free periphery, away from the group, to facilitate migration. This is reminiscent of the leading edge of an epithelial cell sheet, where microtubule plus ends are very dynamic near free non-contacted cell edges and suppressed at Cell-Cell contacts; further, the continuous polymerization and retrograde flow of actin which is necessary for cell motility is inhibited at Cell-Cell contacts. 78 Some degree of Cell-Cell adhesion has already formed at this point, and the cell's area may increase because it is attempting to move away from the group, as in EC sheet migration. 74 If this is true, it is possible that the larger cell contains an actin cytoskeleton-plasma membrane cortex which is under more tension than in smaller, single cells. Experimentally, we measure larger FAs in groups than in single cells (Fig. 7k) , and because traction forces and FA area are correlated 4 and also F-actin tension and cell stiffness are correlated, 77 we believe that stress fiber tension may be increased in groups, even though we do not observe differences in F-actin structure. This is in agreement with the reports of Califano and Reinhart-King 15 where cell traction forces increase when two cells come in contact. Further, cells in a monolayer are tightly packed and smaller (Fig. 2) , with less FAs per area (Fig. 7l) and stress fibers oriented mainly around the cell borders (Fig. 7c) , possibly leading to decreased F-actin tension and decreased cell stiffness compared with single cells and groups. The decreased FA density and rearrangement of F-actin in monolayers suggests that the monolayer integrity is maintained more through Cell-Cell contacts than through cell-substrate contacts, while single cells must rely solely on cell-substrate adhesion for support.
Previously, it has been shown by Nelson et al. 51 that cell area and FA area both decrease with increasing cell density through activation of RhoA, which is in contrast to the increased cell area and FA size in our groups. However, in Nelson et al., when spreading area is confined using a micropatterned substrate, FA size is larger for two cells in contact, as compared with a single cell, which is in agreement with our results for groups. It could be possible that in our experiments, our cells had more free space around them during group formation, allowing for outward extension, while in Nelson et al. there was an increased cell density which restricted cell size. It would be interesting to investigate the effects of CellCell contact length on FA size; using a micropatterned substrate, this could be achieved by increasing or decreasing the Cell-Cell contact region in Nelson et al.'s bowtie configuration.
To corroborate the notion that cell morphology affects cell stiffness, we simultaneously measured the stiffness and area of a spreading cell using AFM combined with brightfield timelapse images. This experiment allowed us to observe changes in cell area without the presence of neighboring cells or Cell-Cell adhesions. Our measurements began when the cells were approximately 30-40% of their final spreading area. Our results show that HUVECs increase in stiffness as they spread (Fig. 4) , which might be expected since they transform from round spheres with a layer of cortical actin, to spread-out objects adhering to the substrate and containing a stiff network of cross-linked actin filaments and cortical actin under tension. 6 The value which the final Young's modulus approaches provides a rough indication of whether the cell body (compare with gray large dashed line in Fig. 4 ) or periphery (compare with gray small dashed line in Fig. 4 ) has been probed. For example, in Figs. 4a and 4b the periphery is likely being probed, while in Fig. 4c it is likely the cell body. We believe that the force exerted by the AFM cantilever had minimal effect on cell spreading, as we did not observe differences in spreading when we increased the time interval (30 s to 2 min) between "pokes" with the AFM cantilever. Further, HUVEC spreading in the presence of the AFM cantilever was similar to spreading in its absence, suggesting that the AFM tip itself had minimal impact on cell spreading. Further, using an AFM tip which contained a 5 μM bead was much gentler than using a sharp 10 nm-sized tip, which resulted in irregular spreading behavior.
Further, our results are consistent with the measurements that cell traction forces increase during spreading. 58 Interestingly, another previous study by Gauthier et al. 29 showed that membrane tension decreases during cell spreading, as measured by optical tweezers. However, this is not necessarily contradictory to our results. Because the thickness of the cell membrane is only on the order of 3-4 nm, 56 and we are probing approximately 250 nm into the cell, we are likely measuring the stiffness of the cortical actin rather than the cell membrane. Although the cell membrane and cortex are physically linked, the cortex likely provides more resistance to the AFM cantilever than the cell membrane itself, resulting in a stiffer measurement. Therefore, if it is true that the cell membrane softens during spreading, we would not be able to detect it.
The "morphology" curve represented by Fig. 5 may be interpreted as the measured stiffness of a cell, given its area, and we can use it to roughly predict a cell's stiffness knowing its area. Interestingly, when we plot the average (area, stiffness) of single cells and groups (data from Figs. 2, 3) , the points lie on the morphology curve. However, the average (area, stiffness) of monolayers (data from Figs. 2, 3 ) lies above the curve, indicating that its stiffness is higher than we would expect based on its area. Further, when we depolymerize actin filaments using a high dose of cytoB, the monolayer is completely disrupted, and the (area, stiffness) of the cells returns to lie on the morphology curve. If we weaken junctions (e.g., through treatment with VE-cadherin antibody or a low dose of cytoB), the monolayer stiffness increases to further from the morphology curve. Therefore, it seems possible that Cell-Cell contacts influence cell mechanical properties, but the form of this influence is currently unknown.
To further investigate the effects of Cell-Cell junction integrity on cell stiffness, we first used a titration of cytoB treatment to destabilize the Cell-Cell junctions to varying degrees. At the lowest dose of cytoB, the HUVEC monolayers show small disruption in Cell-Cell adhesions, indicated by tether-like structures at cell junctions in the AFM deflection image (white arrowheads in Fig. 6d ) while the F-actin does not appear to have changed (Fig. 7f) . Interestingly, the monolayer remains visibly intact, except for the tether-like structures, and there is an increase in cell stiffness (Fig. 6a ). This could in part be explained by the increased FA size and density with low cytoB treatment (Fig. 7l) , which may generate increased tension within the cells, even though we do not see differences in F-actin architecture. It could be possible that the low dose of cytoB is only affecting the cortical actin along the cell membrane, which might affect the overall tension balance in the cell. This may lead the stress fibers to take up some of the tension, resulting in increased cellsubstrate adhesion and decreased Cell-Cell adhesion. Thus, with low cytoB treatment, it seems that we disrupt the Cell-Cell junctions minimally (according to AFM images) without completely breaking the cells apart and the stiffness of cells within the monolayer approaches that of single cells.
Our second approach to destabilize cell junctions was to apply a VE-cadherin antibody to the HUVEC monolayers. VE-cadherin is a homophilic protein which localizes to cellular junctions and binds to actin, leading to maintenance of tension between cells. 2, 22 Further, VE-cadherin engagement has been demonstrated to activate RhoA, 51 which would result in an increase in cell tension and stiffness. Treatment of EC monolayers with a VE-cadherin antibody decreases Cell-Cell adhesivity and increases monolayer permeability. 18, 32, 35 Thus, the treatment weakens Cell-Cell junctions without completely breaking them. 35 We expected that molecular engagement of homophilic VE-cadherin might be similar to the presence of leukocytes attempting to transmigrate at cell borders and therefore cause rearrangement of VE-cadherin away from the junction, an effect which has previously been validated. 35 We thought that the resulting effect would be similar to cytoB treatment, where the monolayers approach the stiffness of single cells. However, VE-cadherin is one of many proteins localized at Cell-Cell junctions, and how the antibody treatment affects the localization or bond strength of other homophilic junctional proteins remains unknown.
Despite the potential involvement of other junctional proteins, our results agree with the above hypothesis-HUVEC monolayers stiffen with VE-cadherin antibody treatment (Fig.  6e) . Though we do not observe changes in F-actin structure (Fig. 7h) , the increased size and density of FAs (Figs. 7k, 7l ) may cause the F-actin tension of cells within the monolayer to increase and approach that of single cells. It has been shown that development of cadherin adhesions causes an increase in integrin expression, 81 as well as recruitment of vinculin to Cell-Cell adhesions, leading to a reduction in vinculin at FAs, 45 so the opposite process may also be true, according to our results. Also in agreement with our data, de Rooij et al. 21 showed that epithelial cell scattering is induced by increased tension on Cell-Cell junctions (e.g., on stiffer surfaces or on extracellular matrices which promote larger FAs), suggesting that the F-actin cytoskeleton mediates a cross-talk between cadherins in Cell-Cell junctions and integrins at the cell-substrate interface.
Further, we probed the stiffness of single cells treated with a VE-cadherin antibody in order to evaluate whether the antibody itself results in any changes in cell stiffness, possibly due to signaling events that are not associated with weakened cellular junctions. Neither the higher density of FAs (Fig. 7l) nor the F-actin arrangement (Fig. 7g) can account for the softening of the cells. We would expect the higher density of FAs to result in an overall increase in cell tension; however, the softening of the cells does not support this idea. While we do not know the specific reason for this softening, it seems obvious that VE-cadherin antibody treatment affects single cells differently than cells within a monolayer, further suggesting the importance of Cell-Cell adhesions in determining cell stiffness. Localization of VE-cadherin in single cells and monolayers is very different, and engagement of VEcadherin in these two situations likely results in differences in activation of signaling pathways. For example, in monolayers, VE-cadherin localizes to Cell-Cell junctions and is physically linked to the actin cytoskeleton; this localization occurs when the cell meets a neighboring cell. 51 Thus, in single cells, engagement of VE-cadherin may result in biophysical changes which are not accounted for in our experiments and which cause softening of the cells.
In all experiments we observe that the cell periphery is statistically stiffer than the cell body. Previous studies have reported measurements that are both consistent with61 and contradictory to 64 our finding. Possible reasons for disagreement in literature over whether the cell body or periphery is stiffer include the following: (a) differences in the amount of force applied to the cells and the timescale over which those forces are exerted, both of which influence the measured mechanical properties of a viscoelastic material such as a cell; (b) differences in the maximum indentation fitted using the Hertz-Sneddon model, since very large indentations likely cause the stiff glass substrate to influence elastic measurements; and (c) differences in positioning of the AFM cantilever over the cell body, since the nucleus is the stiffest organelle in the cell (for review see Dahl et al.19) and is located in what we call the "cell body" region. Our force curves are taken by applying a small force, about 2 nN, over the course of 1 s. To eliminate the effects of the glass substrate, we fit our force curves to only the first 250 nm of indentation, which is small compared to the height of the cell, even at the periphery, which is about 600-800 nm in thickness, as measured by AFM topographic images. Further, because we are simultaneously obtaining AFM topographic images and force curves, we were able to choose to place the 25 force curve buffers at any region on the cell. While we did not know the exact position of the nucleus, our measurements show that consistently, the cell body is softer than the periphery, suggesting that we are not probing deep enough into the cell to "feel" the nuclear stiffness. Probing with deeper indentations into the cell could result in measurement of the stiffness of other structures within the cell, such as intermediate filaments, which have been shown to be important mechanotransducers within the cell.33 , 76 However, it has been shown that F-actin is the main contributor to cell stiffness,28 and that cell types with more pronounced F-actin networks (e.g., lymphocytes) are stiffer than cell types with less F-actin (e.g., Jurkat cells13). In previous reports, increased indentation depths led to two distinct slopes in the AFM force-distance curves,40 , 53 corresponding to measurement of the stiffness of two distinct mechanical regions within the cell. Much further experimentation and analysis are necessary to determine exactly which cellular structures and their interactions contribute to cellular stiffness. It would also be useful to identify whether the applied forces activate biochemical signaling pathways within the cell, perhaps through mechanosensitive transmembrane proteins such as syndecan-4.5
To summarize our observations regarding cell spreading, single cell to monolayer transition, and the effects of Cell-Cell adhesions in a monolayer, we created a schematic (Fig. 8) . In  Fig. 8a , the organization of cortical actin and stress fibers are based on the experimental observations of spreading cells, as previously described. 6, 58 According to these reports, a cell begins as a round sphere containing a layer of cortical actin. As it touches down onto the substrate and begins to form adhesions, actin polymerization initializes at the basal surface, with a layer of cortical actin remaining at the apical surface. At this point, there is probably still a low level of tension in the cell due to the immaturity of the F-actin filaments. The force of actin polymerization extends the periphery of the cell outward, and eventually mature stress fibers form, likely leading to an increase in internal tension within the cell. The final spread cell probably consists of a dense layer of highly cross-linked stress fibers stretched along the basal surface of the cell and an apical layer of cortical actin, which presumably also has undergone an increase in tension. We believe that this potential increase in tension of the F-actin architecture contributes to the overall increase in cell stiffness and is likely caused by myosin II, a motor protein known to cross-link actin filaments and subsequently pull on them. Previously, it has been shown that inhibition of myosin II via blebbistatin treatment leads to a decrease in cell stiffness and also causes cell retraction. 48 This experimental observation agrees with our proposed model (Fig. 8a) ; if we remove myosin II, the stress fiber cross-links, the cell loses tension, causing relaxation of the actin cytoskeleton and a decrease in cell stiffness. Ultimately, in the cell spreading model, this would revert the cell to an earlier, softer, spreading state.
In Fig. 8b , the transition from single cell to group to monolayer is summarized, according to our observations. Beginning in solitude, the spread cell contains a dense network of stress fibers, oriented locally in parallel groups. Eventually, more cells join the first cell and form what we refer to as a group, shown here as an island of four cells, all with Cell-Cell adhesions at the interior. While the F-actin architecture does not look significantly different from that of the single cell, we propose that the cells are extending outward at the periphery through actin polymerization, as evidenced by the increased size of both the cells and their FAs, yet they are still visibly connected to each other through Cell-Cell adhesions. The force of extension may generate more tension within the cells and thus an increase in cell stiffness. Then, as more and more cells enter the group, they begin packing and eventually form a monolayer. Note that in our schematic cartoon, the monolayer continues outward infinitely in all directions; pictured are cells at the interior. For reference, the compressive forces due to cell packing in the epithelial layer during morphogenesis have been measured to be quite sizeable. 27, 36 The stress fibers are arranged mainly around the periphery of the cell, suggesting that rearrangement has occurred due to the cell packing forces, resulting in softer cells. In a monolayer, there are less FAs per area, indicating that cell-substrate adhesion has decreased, but Cell-Cell adhesion has probably increased due to the formation of adherens junctions. The actin is linked to the cellular junctions through VE-cadherin, and the VE-cadherin molecules on neighboring cells link to each other, creating a physical link between cells through which force can be transferred.
In Fig. 8c , we propose a sketch which summarizes our observation on the effects of applying a VE-cadherin antibody or a low dose of cytoB, treatments which we or others have suggested to weaken Cell-Cell adhesions. Initially, the cell monolayer contains some degree of Cell-Cell and cell-substrate adhesions. Then, upon treatment to weaken the Cell-Cell adhesions, the cell-substrate adhesions become stronger as evidenced experimentally by larger and more area-dense FAs. Though we do not observe differences in F-actin architecture between the two monolayer states, the increased FAs suggest an increase in Factin tension, resulting in a stiffer monolayer. Mechanically, the cell may seek to achieve a balance between Cell-Cell adhesion through cadherin activation and cell-substrate adhesion through integrin activation, and as one adhesion is decreased, the other increases. 44, 63 Previously, it has been shown that matrix properties such as substrate stiffness and extracellular matrix (ECM) coating affect cell-substrate adhesion, spreading area, and cell stiffness. In particular, cells have been found to spread less on softer surfaces and those with a low density of ECM protein at the surface, while cells spread more on stiffer surfaces and those with a higher density of ECM protein. 14 In summary, cells within a monolayer are spatially confined due to the presence of neighbors and also have close adhesions with these neighbors at the junctions. In varying the degree of Cell-Cell contact in HUVECs (single cells, groups, and monolayers), we observe that increased cell stiffness roughly correlates with an increase in cell area. Further, we see that HUVECs stiffen as they spread onto a glass substrate. When we treat the cells with a low dose of cytoB or VE-cadherin antibody, treatments which presumably weaken Cell-Cell adhesions, we measure that cell-substrate adhesion increases, and the stiffness of cells within the monolayer approaches that of single cells. Our results together suggest that while morphology can roughly be used to predict cell stiffness, Cell-Cell interactions may play an important role in determining the mechanical properties of cells through maintenance of the balance between Cell-Cell and cell-substrate interactions. This biophysical balance may be disrupted in biological processes such as wound healing, angiogenesis, cancer cell metastasis, and immune cell transmigration. Schematic which summarizes our observations of spreading cells and cells with varying degrees of Cell-Cell contact. (a) Prior to developing adhesions with the underlying substrate, the cell contains a layer of cortical actin beneath the membrane. This cortical actin network is soft compared with the parallel bundles of F-actin filaments (stress fibers) which polymerize and crosslink during spreading. Upon touching down on the substrate, the cell begins to adhered to the surface and actin polymerizes, causing the cell to extend outward onto its substrate. When it is fully spread, there exists a dense network of stress fibers which extend into the periphery of the cell, while a layer of cortical actin still remains. As the stress fibers contract, tension in the entire cell, including the cell body region, is increased. This generates the increased stiffness of the cell. (b) In the transition from a single cell to a network, the cells develop Cell-Cell contacts composed of numerous adhesion proteins. Because the cells have space around them to move, they likely extend outward through actin polymerization, while (visibly) still maintaining Cell-Cell contacts. Increased focal adhesion size at this point suggests that tension in the cell has increased, leading to increased cell stiffness. As more and more cells enter the group, they begin packing and eventually form a monolayer. Note that in our schematic cartoon, the monolayer continues outward infinitely in all directions; pictured are cells at the interior. Here, the stress fibers are arranged mainly around the periphery of the cell, suggesting that cell packing forces have caused rearrangement of F-actin, possibly resulting in softer cells. In a monolayer, there are less focal adhesions per area, indicating that cell-substrate adhesion has decreased, but likely Cell-Cell adhesion has increased. The actin is linked to the cellular junctions through VEcadherin, and the VE-cadherin molecules on neighboring cells link to each other, creating a physical link between cells through which force can be transferred. (c) Once in a monolayer, treatment with VE-cadherin antibody or a low dose of cytochalasin B presumably weaken Cell-Cell adhesions. Prior to treatment, the cells have some degree of Cell-Cell adhesion and cell-substrate adhesion. After treatment to weaken Cell-Cell adhesions, the cells
